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Abstract
The aim of this work is the development of a flexible flow measurement system. It can be integrated on curved 
surfaces such as airfoils or mounted into difficult access systems such as pressure pipes without preparation of the 
underlying material. A special interest lies in the non-invasive properties of the flow measurement system with 
respect to the flow profile of the medium and application simplicity. This can be achieved by reducing the thickness 
of the system to a minimum, so that the flow profile isn’t disturbed anymore by the presence of the system and by 
using a telemetric energy and data transfer instead of cable connections.
© 2014 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Organizing Committee of SysInt 2014.
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1. Introduction
Flow sensors are nowadays used in many microbiological, climate and industrial processes to measure the flow 
rates or volume flow rates of gases and liquids. Most of the commercially available thermal flow sensors are made of 
rigid MEMS (Microelectromechanical Systems) or miniaturized hotwire anemometers which disturb the flow profile 
of the flowing medium or need extra cavities or bypasses to be integrated. These problems are currently addressed 
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with the existing huge interest in the development of flexible flow sensors [1], [2] and flexible flow measurement 
systems [3], [4], [5]. Many of these systems consist of a flex-to-rigid structure (Figure 1(b)), containing flexible 
substrates made of polyimide with integrated flexible sensor systems and rigid SMD components or rigid circuits for 
the electronic data processing [6]. These flex-to-rigid designs reduce the flexibility of the measurement system. To
avoid this problem, the approach of this work is the usage of flexible electronics (ASIC – Application Specific 
Integrated Circuit) [7], which will allow for a reduction of the system size as well as an increase in flexibility (Figure 
1(c)).
Fig. 1. In comparison to rigid or flex to rigid systems with stiff SMD components for the electronics, this work is aiming for a fully flexible 
measurement system with flexible flow sensor and flexible electronics (ASIC).
The system presented here can be integrated at the interface between the flowing medium and the surface of the 
device of interest. This will open up new fields of applications with respect to sensor integration as well as assembly 
and integrated circuit packaging techniques. The proposed flexible flow measurement system is designed to become 
a “sensory stamp”, a passive RFID-like sensor tag, with a lateral size of about 20x20mm2. Its lateral size was 
determined by two reasons; the first one being to match the size of a commonly available postal stamp and the 
second more important one was the applicability in pressure pipes with diameters of ½ inch (about 13mm). In this 
specific case, a larger layout would lead to an overlapping or screening of the “sensory stamp” by itself.
A planar coil has been the method of choice for the flexible measurement system to reach a maximum thickness 
which, in the end, is as non-invasive as possible and still flexible enough to follow the shape of the underlying 
surface. Since RFID has been chosen for telemetric energy and data transfer, the main interest lies in the design of 
the transmitting and receiving coils. Beside the RFID-Mode with a transmitting frequency of about 13,56MHz, there 
will be the option for a cable-mode with an SPI (Serial Peripheral Interface). This interface will be used for purposes 
such as testing the different functions of the ASIC and to read out the measurement values directly. This paper will 
discuss the design and assembly steps already taken to produce the "sensory stamp".
2. Planar Coil Design
For the flexible flow measurement system planar coils on polyimide or UltraLAM3850 substrate will be used.
Although planar coils have been chosen, the shape still has to be specified. Many different layouts like n-sided
polygons or a round shape are possible [8], but in the end, a square shaped layout has been used. The reason why is
a maximization of the available space inside of the planar coil to mount all the electronic and sensory elements.
Additionally, space is needed to wire the functions of the ASIC to contact pads for SPI cable readout, which can be 
seen in Figure 2(b).
Fig. 2. First concept (a) regarding the layout of the “sensory stamp” and its components. Produced polyimide carrier (b) with planar coil and 
mounting pads.
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The geometrically properties of the planar coil are sufficient enough to fully define the coil and to calculate the 
self-inductance L. The used parameters are the outer diameter d of the coil, the number of windings n, the width w
and the spacing s between the windings. The self-inductance is then calculated by using different theoretical 
approaches such as a modified wheeler equation, a current sheet approximation as well as a monomial fit [8], [9].
The theoretical results for the self-inductance are in good approximation to the results obtained by measurement.
Compared to larger RFID antennas which have a large area and only need a few thick windings, the small coil of 
the "sensory stamp" needs more thin windings to achieve the same inductivity L. This higher number in windings 
will lead to two disadvantages, which make the design more difficult. The first is the obvious increase in the series 
resistance R of the copper windings which will decrease the quality factor Q. This disadvantage can also be seen as a 
slight advantage hence, a resonance shift due to later bending will have a less pronounced influence on the induce 
voltage needed for powering of the sensor and the ASIC. The second disadvantage is the increase of the parasitic 
capacitance Cpar with increasing number of windings [9].
A series of calculation have been performed to find the right set of parameters which will come as close to the 
desired resonance frequency as possible. Several coils of different substrate material (Polyimide, UltraLAM3850,
FR4) were produced (Figure 2 and 3) to compare the theoretical and measured values. A list of coils with their 
calculated and measured resonance frequency is given in Table 1.
Table 1. Comparison between theoretical calculated and measured resonance frequencies.
Substrate 
Material
Windings
n / μm
Width
w / μm
Spacing 
s / μm
Measured Resonance
f / MHz
Resonance 
f / MHz
FR4 10 200 150 16,10 12,67
FR4 11 200 150 15,30 11,45
FR4 12 150 150 13,64 11,25
UltraLAM 12 150 150 13,54 14,01
UltraLAM 12 200 150 14,38 13,03
UltraLAM 13 170 150 13,75 12,47
Polyimide 20 100 75 8,10 8,24
In [9] an oxidation layer was used for the calculation of the parasitic capacitances. Due to the absence of this
oxidation layer in the used substrates, an artificial oxide layer was assumed for the calculations. As can be seen in 
Table 1, there is a huge discrepancy between the measured and calculated values for the coils on FR4. The deviation 
becomes less pronounced for the thinner flexible UltraLAM3850 substrate and almost vanishes for the polyimide 
substrate. There are two possible explanations for the good result of the polyimide. One is the thickness of 25μm of 
the polyimide substrate which coincides with the assumed oxide layer. The other one is that the theoretical 
calculation becomes more accurate with an increasing number of windings n. We conclude that in most cases the 
calculated resonance frequency gives only a rough estimation, and in the end heuristic methods are needed to 
precisely tune the planar coils.
Fig. 3. Coils on different substrate materials have been produced to compare the theoretical and measured values for the resonance frequency. 
50μm thick UltraLAM3850 (a) and 0,5mm thick FR4 (b) have been used.
(a) (b)
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3. Resonance of Bent Coils
The first step of this project is to mount the prototypes of the “sensory stamp” into pipe systems of different 
diameters and to measure the flow rates inside of these pipes. For this purpose, different pipes with an inner 
diameter of d1=28mm, d2=20mm and d3=13mm are used. The diameters for d2 and d3 have been randomly chosen,
while the diameter of d1 matches the size of a commonly used pressure pipe. When the system is mounted into one 
of the pipes, it will bend and follow the curvature of the pipe. The curvature will change the self-inductance of the 
planar coil and thus the resonance frequency of the whole measurement system will shift. In [10] it is shown that the 
inductance decreases with increasing curvature and that the effect is nearly linear with respect to the projected coil 
area.
In order to compare the coils of our flexible system with the results of [10], the change of the intrinsic resonance 
was measured for different coils on polyimide* and UltraLAM3850 which were mounted into the three different 
pipes. The measurements are presented in Table 2. The coils used for the measurement are divided by their 
geometrical properties such as windings n, the width w and the spacing s between the windings.
Table 2. Shift of the resonance frequency with respect to the radius of curvature.
Windings n 
/ μm
Width
w / μm
Spacing 
s / μm
Resonance
f / MHz
(plain)
Resonance
f / MHz 
(d1=28mm)
Resonance
f / MHz 
(d2=20mm)
Resonance
f / MHz 
(d3=13mm)
Coil 1 11 150 150 14.33 14.40 14.54 15.02
Coil 2 12 200 150 14.40 14.48 14.63 15.11
Coil 3 12 150 150 13.54 13.55 13.69 14.14
Coil 4 13 170 150 13.19 13.25 13.38 13.79
Coil 5* 20 100 75 8.07 8.10 8.19 8.44
The shift in the resonance varies by the same percentage for every coil independently of the properties mentioned 
above and is only related to the radius of curvature. With the given values for the resonance, it is possible to extract 
the self-inductance under the assumption that the change of the resonance is dominated by the change of the self-
inductance and not by the parasitic capacitance. This is justified due to the fact that the change of the distance 
between the windings is in the order of μm, while the change of the coil area is in the range of mm2. In order to
calculate the ratio between the changes of resonance compared to the radius of curvature, the normalized self-
inductance L/L0 is plotted against the projected coil area A/A0 (Figure 4) for the coils listed in Table 1.
Fig. 4. Normalized self-inductance versus normalized projected coil area for the coils of Table 1. The linear fit allows one to extrapolate the 
frequency shift with respect to the coil curvature.
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The slope of the graphs in Figure 4 should only be dependent on the layout of the coils [10]. Although the coils
have all the same layout, a slight abbreviation is shown in the linear fits. Nevertheless, one can say that for a given 
coil with area A0 one can predict the self-inductance shift with respect to the radius of curvature. This means that for 
the “sensory stamp” it is now possible to predict the change in the resonance frequency due to the curvature of the 
pipe into which the system is mounted and pick the right coil properties in case no frequency shift compensation is 
applied.
4. Inductive Coupling of Coils
In contrast to standard RFID identification labels, the “sensory stamp” will be a sensor on a tag. This means that
the power consumption due to the additional sensor and data processing elements will be larger in general. The 
power for these components will be provided via inductive coupling between the coil of a Read-Out-Unit (ROU)
and the “sensory stamp” coil. A schematic of a common model for such a system is depicted in Figure 5 [11], [12].
The magnetic field, which is generated from the primary coil, penetrates the secondary coil and induces a voltage
which will be the power supply for the electronic and sensor components. If a magnetic field of enough strength is 
provided, the ASIC will activate and start to power up the sensor and to collect data. The data will be send back 
continuously to the Read-Out-Unit with a data transfer rate of 847kHz. The different data packages can be separated 
by their Start of Frame and End of File signatures. Once the magnetic field breaks down, the ASIC and sensor will 
stop to operate.
The amount of generated voltage is dependent on the coupling between the two coils. The coupling factor k (1) is 
dependent on the mutual inductance M, which is comprised of the geometrical properties of the two coils and the 
distance x between them (2).
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Due to the square layout of the planar coils, the calculation of the mutual inductance M was adapted to take the 
outer diameters d of the planar coils into account. The replacement of the round coil areas to squared areas led to an
increase of the theoretical value of k. To validate this new approach for the given coils, the coupling between the 
ROU coil and two flexible coils was calculated by taking the induced voltages (3) at different distances x (Figure 6).
Fig. 5. System model of inductively coupled coils. The Read-Out-Unit (ROU) induces a voltage in the flexible flow measurement system. The 
parasitic capacitances are represented by Cpar and the flexible Sensor and ASIC by the load resistor Rload.
Inductive 
Coupling
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Fig. 5. System model of inductively coupled coils. The Read-Out-Unit (ROU) induces a voltage in the flexible 
flow measurement system. The parasitic capacitances are represented by Cpar and the flexible Sensor and ASIC by 
the load resistor Rload.
Fig. 6. Comparison between the modified formula for the coupling factor k and the measurements performed with two flexible coils.
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As can be seen in Figure 6, the theoretical calculated coupling and the measured ones are in good agreement for 
short distances. At distances of 3cm and above, the deviation becomes more pronounced due to the fact that the 
induced voltages used for the calculation become smaller and thus measurement inaccuracies and a decreased SNR 
become more influential. Since we are only interested in the region up to 3cm, all further coupling factors k will be
calculated with the modified mutual inductance M (2).
Another point of interest has been the change in the coupling due to the curvature of the flexible coil. Since the 
curvature causes a shift in the resonance, the coils aren’t matched anymore. This leads to a reduction in the coupling
and thus in the induced voltage. The distance dependent induced voltage (3) has been measured for several coils 
which where mounted into pipe pieces of different diameters. An example of the measured values is shown in 
Figure 7. As a rule of thumb, for the given pipe diameters used in the experiments, the coupling factor k is reduced 
by a maximum factor of approximately two between the plain coils and the coils mounted into the pipe with the 
smallest radius of curvature (d3).
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Fig. 7. Change in the coupling factor k due to bending of the “sensory stamp” coil. The coil has been mounted in short pipe pieces of different 
diameter.
5. Assembly of the “Sensory Stamp”
The commercially purchased polyimide carrier coils have been used for most of the assembly and connection 
techniques tests due to the larger numbers available, compared to the self-produced UltraLAM3850 coils. For a full 
assembly of the “sensory stamp” two to three different components must be mounted together by means of flip chip 
technology [13]. In the SPI-Mode, the flexible sensor, the flexible electronic and the SPI-cable have to be joined 
with the polyimide carrier. In the RFID-Mode the cable won’t be necessary, but an optional flexible filter capacitor
(thickness about 100 μm) can be integrated if needed. The mounting of the components was done with the help of a 
fineplacer with an individual mounting head for the different components.
SMD solder paste (Sn62Pb36Ag2) was dispensed onto the mounting pads for the different components. The 
melting point of the solder paste is at a temperature of 180°C which presents no problem with the thermal stability 
of neither the polyimide carrier nor the flexible components. Due to the fragile nature of the flow sensor’s contact 
pads, flip chip mounting of the flow sensor has to be done with care. Adjusting the parameters of the fineplacer led 
to a repeatable successful assembly of the flow sensor. The flexible ASIC was handle similar to the flow sensor. The 
distance between the ASIC’s contact pads are in the range of about 50-70μm. Thus care has to be taken with the 
solder paste to not create any shortcuts. In order to prevent this from happening, anisotropic conducting glue has 
been used. An example of a fully assembled “sensory stamp” with flexible flow sensor [14], flexible electronic 
(ASIC) [15] and optional filter capacitor can be seen in Figure 8. When working with the UltraLAM3850, another 
solder paste had to be used because of the low melting temperature of the material of about 190°C. In this case the 
solder paste LFM65X (Sn58Bi) with a melting point of 139°C was used.
Flexible Flow Sensor
Flexible Electronic 
(ASIC)
Fig. 8. Fully assembled “sensory stamp” with flexible components.
Filter Capacitor
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When the “sensory stamp” is operated in SPI-Mode (Serial Peripheral Interface), a thin flexible cable is needed to 
communicate via serial data link with the ASIC. Again, the requirements are that the cable should not disturb the 
flow profile or the experimental setup. A first ribbon cable was designed on polyimide basis with Au/Cu wires as 
can be seen in Figure 9(a). Although the cables showed great flexibility (thickness about 25-35μm), the conduction 
wires have been too fragile to see service. A thicker cable was commercially purchased (Figure 9(b)), which proved 
to be more reliable than the first one at the expense of flexibility (thickness about 150μm).
During the assembly, the cable started to bend due to thermal stress between different layers. The solution will be 
a new ribbon cable which will be comprised of polyimide on both sides of the conducting layer, thus mechanical 
stress will be compensated.
To perform the different measurements stated in the chapters above, the coils or assembled systems have been
glued into pipe pieces of different diameters, as can be seen in Figure 10. The pipe pieces for the experimental setup 
are made of common PMMA, which allows the usage of low viscosity UV hardening glue (Katiobond 4557) for the 
mounting. The low viscosity was needed to fill the area underneath the substrate when pressed against the pipe. In 
the case of opaque pipe systems different glue has to be used. 
6. Flow Measurement
For the characterization and calibration measurements of the assembled systems, a modular flow channel system 
has been produced. The flow channel system consists of the previously mentioned pipes with diameter d1 to d3 and 
corresponding mounting sections for the “sensory stamp”. Flexible coils on polyimide with SPI cable and flexible 
flow sensor such as shown in Figure 9(b) have been glued into the mounting sections and connected to the flow 
channel. The SPI-cable was used to provide the power for the heater of the flow sensor and read out the generated 
voltages at the thermopiles directly. Figure 11 shows a result from measurements made inside of the pipe with 
diameter d2.
The mass flow rate Q of the compressed air was increased from zero to a maximum value of 750slm, which 
corresponds to a mean flow velocity v of 40m/s in the chosen pipe. The heater of the flow sensor was connected to a 
DC voltage supply and was powered with a maximum power of 31mW. The output voltages of the upstream and 
(b)(a)
Fig. 9. Ribbon cables made of polyimide for the SPI-Mode. Cable (a) showed great flexibility but the conduction wires have been too fragile. The 
commercially purchased cable (b) is insusceptible on the cost of flexibility.
(b)(a)
Fig. 10. Flexible coils mounted into pipe pieces of diameter d1 (a) and d2 (b).
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downstream thermopiles were measured with a NI-USB data acquisition module. The voltage difference was 
calculated with Labview and is given as an output signal in correlation to the flow rate. The values shown in Figure 
11 are offset corrected and show the characteristic curve of the flexible flow sensor [14].
7. Conclusion and Outlook
In this paper we have presented fundamental ideas and first developments as well as measurements for building 
up a small flexible flow measurement system which can be used on non-planar surfaces. Finding the right coils for 
the system proved to be difficult since the theory of planar coils and practical measurements differed. A heuristic 
approach was needed to find the right coil layout to tune the resonance frequency to the desired value. The behavior
of the coupling due to the distance and the bending of the systems has been researched and can be used for further 
coil improvement. The mounting of the flexible components onto the coil carriers has been done successfully as well 
as mounting the system into pipes of different diameter.
Fig. 11. Offset corrected voltage difference of the two measured thermopiles voltages of the used flow sensor at different flow rates. The 
measurements were performed inside of a pipe with diameter d2.
First flow rate measurements with mounted systems have been performed, which showed the characteristic curve 
of a flow sensor. In the next steps, measurements with the help of the SPI-Mode of the ASIC will be done to 
evaluate the performance of the “sensory stamp”. Two different experimental setups will be used; one will be further 
measurements inside of pipe systems, the other one will be the measurement on the outside of an airfoil.
Successful SPI-tests will lead to the final testing regarding the RFID-Mode with telemetric energy and data 
transfer.
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